OBJECTIVES The aim of this study was to determine the contribution of pre-load and heart rate to pump flow in patients implanted with continuous-flow left ventricular assist devices (cfLVADs).
T he use of continuous-flow left ventricular assist devices (cfLVADs) in the management of end-stage heart failure is the standard of care in many tertiary centers globally, both as bridge to transplant and destination therapy (1) (2) (3) . Refinement in pump design has led to more widespread use of the newer-generation axial and centrifugal continuous-flow pumps (2, (4) (5) (6) . Because these pumps continuously drain the LV, they are sensitive to changes in pre-load and excessive pump speeds can result in suction events (7) .
Current cfLVADs are set at a fixed pump speed determined at implant to provide sufficient delivery of blood from the LV (8) . At constant pump speed, pump flow is determined by pre-load and afterload, systemic venous return, and arterial pressure (9) . It has been shown in several studies that LVAD pump flows with continuous-flow devices increase in response to exercise (10) (11) (12) (13) (14) . It is unknown the extent to which the increase in flow observed with exercise is due to an increase in heart rate or to changes in pumploading conditions determined by venous return.
To further investigate the separate contributions of heart rate and venous return, we examined estimated pump flow (l/min) and noninvasive hemodynamics at constant pump speed in stable cfLVAD patients under resting conditions. Although it has been hypothesized that increased heart rate (even in the setting of a closed aortic valve) may improve LV pre-load provided by the right ventricle (RV), whether this is relevant has not previously been examined. If it were found that increased heart rate enhanced LVAD pump flow, this would have major implications in ongoing management in this growing field. Pacemaker/defibrillator device interrogation and adjustment were performed by a trained device technician. Pacing settings were then increased by 10 beats/min above the baseline heart rate and continued to be increased by 10 beats/min every 2 min up to 40 beats/min above the baseline heart rate. All noninvasive, pump hemodynamic and echocardiographic measurements were repeated at each interval. The presence of LV "suck down" defined by a fall in the LV end-diastolic dimension by 80% below baseline was an indication to discontinue. All measurements were then repeated at the baseline heart rate, with device setting returned to baseline.
METHODS

Stable adult patients implanted with the continuous-
In patients who were pacing dependent, pacing settings were adjusted to 10 beats/min below the baseline heart rate every 2 min down to 30 beats/min below the baseline or until the minimum pacing rate was achieved (40 beats/min). Noninvasive, pump hemodynamic and echocardiographic measurements were repeated. Pacing settings were then adjusted back to the baseline settings with all measurements repeated.
TILT-TABLE STUDY. Patients were studied in the noninvasive testing laboratory of the coronary care unit; patients fasted for no more than 2 h prior to the procedure to avoid the confounding ef- Muthiah et al.
Heart Rate and Body Position on LVAD Flows were enrolled to investigate the direct relationship between heart rate and estimated pump flow ( Table 1) . Six patients had pre-existing right heart failure with mild or greater impairment in resting RV systolic function on transthoracic echocardiography.
E f f e c t o f p a c i n g . The median pump speed setting of the studied patients was 2,600 rpm. All 11 patients were successfully paced up to 40 beats/min above the baseline heart rate. Atrioventricular (AV) pacing was performed in the 9 patients who had right atrial leads to maintain AV synchrony. Five of the 11 patients studied were pacing dependent, allowing the pacing rate to be decreased to 30 beats/min below the baseline or until the minimum pacing rate was achieved.
One patient was in atrial fibrillation. All patients tolerated the changes in paced ventricular rates, and there were no short or long-term adverse events.
Changes in pump flow recordings, MAP, and echocardiographic measurements with the changes in paced ventricular rates are provided in Tables 2 and 3 .
Significant increments (32% increase) and decrements (29% decrease) in heart rate were achieved at both Despite this, there was no significant change in pump flows (baseline 5.21 AE 1.3 l/min; maximum heart rate 5.17 AE 1.2 l/min; p ¼ 1.00). There was also no significant change in flow rates at each 10-beats/min increment interval. Decreasing heart rate through reduction in the pacing rate did not change pump flow (baseline 4.6 AE 0.6 vs. minimum paced rate 4.5 AE 0.5 l/min; p ¼ 0.74). There was no significant change in flow rate at each 10-beats/min decrement interval.
MAP, LV dimensions, and aortic valve opening status
were not affected by heart rate ( Tables 2 and 3) . There was also no difference in pump flows, MAP, and LV dimensions in those who were AV paced compared with those who were V paced. We examined the impact of resting RV impairment on the response to pacing at either increased or reduced ventricular rates and did not observe any difference in response (Fig. 1) . Although the baseline pump flows Abbreviations as in Table 2 . 
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Heart Rate and Body Position on LVAD Flows (Fig. 4) . The degree of aortic and mitral regurgitation did not change significantly through all study stages. LV dimensions did not change significantly, and there were no suction events.
The impact of resting RV function on responses to passive tilt was also examined (Fig. 5) . There was a tendency toward more prominent decreases in pump flows with head-up tilt and more prominent increases in flows with head-down tilt in patients with impaired resting RV function. Due to small patient numbers in the subgroup analyses, these changes were not hatched bars ¼ maximum or minimum heart rate (HR). Values are mean AE SE.
Heart Rate and Body Position on LVAD Flows statistically significant (p ¼ 0.06 and p ¼ 0.15 for changes in flow in response to maximum head-up and head-down tilt, respectively).
DISCUSSION
Previous studies have shown that exercise is associated with increased centrifugal continuous-flow left ventricular assist flow output despite unchanged pump speeds. Whether this is due to the associated changes in loading or to the associated increase in heart rate has not been previously tested. We report 2 clinical studies to observe the effects of alterations in ventricular pre-load and heart rate on cfLVAD parameters and physiological responses. We found that pacing-induced changes in heart rate did not impact cfLVAD function or noninvasive hemodynamics. Changes in passive venous return were, however, associated with changes in pump flow.
A number of studies have shown that estimated pump flows increase during exercise despite constant pump speed in patients with cfLVADs (9,10,13). A confounding factor in all of these studies is the significant increase in heart rate and blood pressure during exercise. In the paper by Brassard et al. (10), heart rate increased by 42% with exercise and was associated with a 49% increase in cardiac output. We previously showed a relative increase of 14% in flows during supine bicycle exercise in our cohort of LVAD patients supported with centrifugal pumps, in association with marked increases in heart rate (41%) (15) . We also demonstrated the changes in pump hemodynamics relating to level of activity, with determinants of flow change relating to sleep (or a supine state), energy expenditure, and skin temperature with changes in heart rate occurring in parallel to activity (16) .
It has been accepted that increased heart rate is the main driver for the increase in flow in these settings, Because both heart rate and venous return increase with exercise, the current study was undertaken to examine these aspects separately (outside the context of exercise) because the collinearity of the 2 variables makes interpretation difficult. The current study challenges the heart rate-dependent dogma of pump flow and exercise and emphasizes venous return rather than heart rate as an important determinant of pump flow. Indeed, as seen in Figure 3 , at the maximum passive head-up tilt (80 ), there was a marginal increase in heart rate compared with baseline; however, this was associated with a very significant reduction in pump flow compared with baseline (Fig. 2) . In the head-down cohort, there was no augmentation of pump flow by ankle flexion and no effect of a slight increase in heart rate on pump flows (Figs. 2 and 3 ).
It is known that patients with end-stage cardiomyopathy have activation of the sympathetic nervous system and resultant beta-adrenoceptor downregulation (17) (18) (19) . This contributes to ongoing chronotropic incompetence and abnormal heart rate Table Testing Open bars ¼ baseline recordings supine; hatched bars ¼ passive tilt;
solid bars ¼ tilt with active exercise. Values are mean AE SE. *p < 0.05. **p < 0.01. ***p < 0.001.
Head up (n=10)
Head down (n=8)
90
Head up (n 10) Head down (n 8) recovery (20) (21) (22) . Even in LVAD patients, where systemic blood flow is returned, Dimopoulos et al. (23) demonstrated the persistence of cardiac autonomic dysregulation post-implantation of cfLVADs. Given the current heart rate findings from this study, any concern about ongoing chronotropic incompetence in the setting of cfLVADs can be allayed. This is also reassuring when considering the maximization of beta-blocker therapy post-LVAD, recognized to help with the myocardial reverse-remodeling process in the setting of mechanical unloading (24) .
Our study showed a significant change in centrif- The effects of RV function on filling and heart rate responses in cfLVAD patients may need to be confirmed in a larger study.
CONCLUSIONS
Centrifugal cfLVAD flow was not affected by heart rate variation but was importantly affected by changes in body position and passive venous return, when pump speed remained constant. These findings support the concept of changes in pre-load as a contributor to exercise-related changes in pump output.
